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1)15—1722, 1996-—We determined the effect of side- 
stream tobacco smoke (SS) exposure on responses of lung 
rapidly adapting receptors iRARs), peak tracheal pressure 
(Ptrl, and arterial blood pressure (ABP> to substance P in 
young guinea pigs. Guinea pigs were exposed to SS or filtered 
air from day 8 to days 41-45 of life. They were then 
anesthetized and given three doses of intravenous substance 
P (1.56—4.94 nmol/kg). SS exposure augmented substance 
P-evoked increases in RAR activity (P = ,0.029 by analysis of 
variancei but not substance P-evoked increases in peak Ptr or 
decreases in ABP. Neurokinin 1-receptor blockade (CP-96345. 
400 nmol/kg) attenuated substance P-evoked increases in 
R.4R activity iP = 0.0011 and ABP IP = 0.009»but not in peak 
Ptr iP = 0.061. Thus chronic exposure to SS in young guinea 
pigs exaggerates RAR responsiveness to substance P. The 
findings may help explain the increased incidence of airway 
hyperresponsiveness and cough in children chronically ex¬ 
posed to environmental tobacco smoke. 

environmental tobacco smoke: airways; vagus; tachykinins 


("HILDREN LA'IN’G IN HOMES where they are exposed to 
environmental tobacco smoke have increased respira¬ 
tory symptoms including greater wheeze and sputum 
production (4), more coughing with colds (4, 6), and 
increased risk of respiratory illness-related hospitaliza¬ 
tions (6). Such children also exhibit airway obstruction 
(211, an increased airway reactivity, an increased rate 
of asthma, and an earlier onset of asthma (16). In 
children who have asthma, environmental tobacco 
smoke exposure is associated with an increased sever¬ 
ity of the asthma and greater airway hyperreactivity 
(28). Collectively, the data indicate that children ex¬ 
posed to environmental tobacco smoke have increased 
respiratory symptoms of cough, mucus secretion, air¬ 
way obstruction, and airway hyperreactivity. 

These respiratory symptoms may result, at least in 
part, from a chronic stimulation of rapidly adapting 
(irritant) receptors (RARs) and/or C-fiber receptors in 
the lungs and airways. Stimulation of either the RARs 
or the C-fiber receptors elicits airway reflex defense 
mechanisms that include cough, bronchoconstriction, 
and increased mucus secretion (3). Moreover, electro- 
physiological recordings of single-fiber afferent activity 
have shown that acute inhalation of mainstream to¬ 
bacco smoke is a potent stimulus for both the RARs and 
C-fiber receptors (13.20), Less is known about the effect 
of environmental tobacco smoke on the responsiveness 
of these receptors. Bonham et al, (1) have previously 
shown that exposing young guinea pigs to environmen¬ 
tal tobacco smoke over a period of 5 wk during their 


development markedly diminished the responsiveness 
of the RARs to the acute inhalation of mainstream 
tobacco smoke. These data were consistent with the 
findings by Swanny et al. (24) that chronic exposure to 
mainstream tobacco smoke over a similar period of 4-8 
wk attenuated the reflex apnea and tachypnea pro¬ 
duced by acute inhalation of tobacco smoke in adult 
rats, suggesting a decreased responsiveness of the 
vagal sensory receptors. Together, the data suggest 
that with chronic exposure to either sidestream or 
mainstream tobacco smoke, lung sensory receptors 
become less reactive to an acute inhalation of main¬ 
stream tobacco smoke. In both cases, the diminished 
responsiveness may have been specific for the acute 
stimulus of mainstream tobacco smoke. In that regard, 
Karlsson et al. (11) reported that exposure of adult 
guinea pigs to mainstream tobacco smoke for 1 h twice 
daily for 2 wk actually enhanced coughing induced by 
nebulized citric acid and capsaicin but not by tobacco 
smoke. The collective observations ofSwanny et al. (24) 
and Karlsson et al. (11) suggest that periodic exposure 
to mainstream tobacco smoke may augment the respon¬ 
siveness of lung sensory receptors to noxious stimuli 
other than acutely inhaled mainstream smoke while 
simultaneously either diminishing or not affecting the 
responsiveness of the receptors to the acute inhalation 
of mainstream tobacco smoke- There are no data on the 
effect of chronic exposure to sidestream smoke on the 
responsiveness of lung sensory receptors to stimuli 
other than acute inhalation of mainstream tobacco 
smoke. Thus the purpose of the present study was to 
determine the effect of chronic exposure to environmen¬ 
tal tobacco smoke in the young guinea pig on the 
responsiveness of RARs to a stimulus other than main¬ 
stream tobacco smoke. Substance P was selected be; 
cause it reproducibly stimulates RARs (2. 17) an(i 
causes bronchoconstriction. neurogenic inflammation, 
and cough (14. 15. 30), which may be relevant to the 
increased respiratory problems in children raised with 
environmental tobacco smoke. Young ^inea pigs, age 
equivalent to prepubescent human children, were ex¬ 
posed to either sidestream smoke (a surrogate for 
environmental tobacco smoke) or to the control condi¬ 
tion of filtered air for ~5 wk. The responses of the 
RARs, peak tracheal pressure, and arterial blood pres¬ 
sure to increasing doses of substance P were then 
examined, 

METHODS 

Chronic exposure to sidestream fo6flceo smoke. Male 
Dunkin-Hartley guinea pigs were randomly assigned to a 
group exposed to either sidestream smoke or filtered air for 6 
h/day, 5 days/wk, from age 8 days to age 41-43 days of life. 
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Sidestream smoke is a surrogate for environmental tobacco 
smoke, differing only in that it does not contain expired 
mainstream tobacco smoke. The guinea pigs were housed in 
polycarbonate cages i69 x 69 cm cross-sectional areai with 
wire lids and autoclaved wood carvings for bedding. They 
were fed guinea pig chow and water ad libitum, including 
during the exposures. Sidestream smoke was generated by ?■ 
modified ADIVII smoke-exposure system iLittle, Cambridge, 
MA) from conditioned 1R4F cigarettes from the University of 
Kentucky Tobacco and Health flesearch Institute iLexing- 
toni. Two cigarettes at a time were smoked under Federal 
Trade Commission conditions in a staggered fashion at a rate 
of 1 pui&min (35 ml, 2-s duration). The sidestream smoke was 
diluted in a lilO ratio with filtered air in a mixing chamber, 
then passed into the stainless steel and glass Hinners-type 
exposure chamber 0.44 m^ in size. The exposure chamber was 
characterized by the following parameters expressed as 
means ~ SD; relative humidity of 42 t: 9%, temperature of 
23 c; 1°C, total suspended particulate concentration of 1.03 r 
0.17 mg/m^. carbon monoxide concentration of 6.4 r 0.9 
parts/million, and nicotine concentration of 169 := 89 pg/m^. 
Relative humidity and temperature were sampled continu¬ 
ously. Nicotine was sampled for 15 min twice during each 6-h 
exposure period. The total suspended particulate concenira- 
tion was sampled with the piezobalance technique for 30 min 
out of every hour. 

Experimental procedures. During the data-acquisition pe¬ 
riod. the investigators were blinded as to whether the guinea 
pigs had been exposed to filtered air or sidestream smoke. 
Each guinea pig was anesthetized with an intraperitoneai 
injection of 1.7 g/kg of urethan and then given supplemental 
doses of pentobarbital sodium (4 mg/kg ivi about every hour 
as needed. Catheters were introduced into the jugular vein 
for administering fluids and drugs and into the carotid artery 
for monitoring arterial blood pressure and withdrawing 
samples for arterial blood gases. The trachea was cannulated 
below the larynx, and a catheter was connected to a side port 
of the endotracheal tube to monitor intratracheal pressure. 
The guinea pigs were prepared with bilateral pneumothora¬ 
ces by incisions made in the chest wall and mechanically 
ventilated with oxygen-enriched humidified air with a tidal 
volume of 9 ml/kg at a rate of 30-33 breaths/min. The 
expiratory line of the ventilator was placed under 2 cmH.,0. 
Arterial blood gases and pH were maintained within normal 
limits by adjusting the ventilator rate and by infusing sodium 
bicarbonate. The animals were paralyzed with gallamine (3 
mg/kg) every hour as needed. During neuromuscular block¬ 
ade. the adequacy of anesthesia was continuously assessed by 
monitoring the animal for spontaneous fluctuations in arte¬ 
rial blood pressure. About every hour, the animals were 
allowed to recover from the gallamine, at which time we 
assessed the adequacy of anesthesia by testing for the ab¬ 
sence of an increase in systemic arterial pressure and heart 
rate that occurred in response to a paw pinch. Body tempera¬ 
ture was monitored with a thermistor and maintained with a 
servo-controlled water blanket. 

For recording RAR activity, the left cervical vagus nerve 
was transected below the nodose ganglion and the distal end 
was placed on a dissecting platform in a pool of mineral oil. 
Afferent nerve activity was recorded from nerve bundles 
dissected away from the transected vagus nerve. The contra¬ 
lateral vagus nerv'e was left intact. .A netve bundle containing 
a RAR fiber was split so that the fiber was the only active 
fiber discernible or had a signal-to-noise ratio that was 
sufficient to differentiate its activity from the noise by use of a 
windovv discriminator. The RARs were identified by their 
rapid adaptation to a last-rising, then maintained, hvperinrta- 


tion 1—2-3 tidal v-olumesi. The receptors were localizea at the 
end of each experiment by careful probing of the lung; and 
airways with a small glass rod. 

In pilot studies, RAR responses to .substance P ’vere 
compared when the peptide was administered intravenou.siy 
in one-half, one-third, and one-fourth log increments. Sub¬ 
stance P-evoked increases in RARs exhibited a .steep do.se- 
response curve, so the smallest increment of one-fourth log 
was chosen. The lowest dose of 1,56 nmol/kg was selected 
because it was the highest dose that produced a <2 impulse/ 
bin increase in RAR activity in control animals in pilot 
studies. This dose was considered the near-threshoid dose. 
Sequential one-fourth log doses of 2.78 and 4.94 nmol/kg were 
administered into the jugular vein every ,5 min. Dose; > 4 94 
nmol/kg were not given because of profound effects on arteria l 
blood pressure and peak tracheal pressure. The 3 doses of 
substance P were administered to 17 filtered air-exposed 
guinea pigs and 21 sidestream smoke-exposed guinea pigs. 

To determine whether the substance P-evoked increases in 
RAR activity were mediated by neurokinin 1 (NKi) receptors, 
the RAR responses to substance P were compared before and 
after intravenous administration of the nonpeptide high- 
afiinity .N'Ki-recepcor antagonist CP-96345 <Pfizer». Pilot stud¬ 
ies were performed to determine the optimal time for repeat¬ 
ing the substance P dose-response curves. The first substance 
P dose-response curve was generated by administering the 
three doses of substance P in 5-min interv-als. At 10-. 20-. and 
30-min intervals after the final dose of substance P, .normal 
saline was injected intravenously, and 5 min later, the 
substance P dose-response curve was repeated. The optimal 
time interval was 30 min; thus all protocols using the 
antagonist or the inactive enantiomer were performed with 
this time iniervat. From pilot experiments, we determined 
that 400 nmot/kg of CP-9634S were necessary to significantly 
attenuate the substance P-induced increases in R-AR activity 
These doses were not exceeded because higher doses i--10- 
fold higher) have been associated with effects unrelated to 
antagonism of NKi receptors on L-type calcium channels 1 191, 
In addition, the responses of three RARs to sub-stance P were 
examined before and after injection of 400 nmol/kg of the 
inactive (2R,3R) enantiomer of CP-96343, referred to as 
CP-96344 I Pfizer). 

Because investigators were blinded as to exposure treat¬ 
ment during the experiments, protocols in which either 
CP-96345, the inactive enantiomer CP-96344, or normal 
saline were used were performed in both filtered air and 
sidestream smoke-exposed guinea pigs. The results were not 
different between the two groups, so the data were combined. 

Data analysis. RAR activity was expressed as impulses per 
3-s bin CO capture moment-to-moment changes in the receptor 
activity. To determine the sustained responses of the RARs 
and peak tracheal pressure to increasing steps of one-fourth 
log doses of substance P. both ELAR activity and peak tracheal 
pressure were averaged over an initial control period <60 si 
and after each dose of substance P <30 s). Peak tracheal 
pressure was also averaged for 90 s after each dose oi 
substance P to capture more sustained increases. For mean 
arterial blood pressure, the pressure was determined in the 
control period (60 si and at the point of maximal decrease 
after each dose of substance P. For the dose-response cun’es, 
flAR activity was log transformed to stabilize variances 
because the variances at the highest dose of substance P were 
greater than threefold the variances in the controi period 
The baseline RAR activity, peak tracheal pressure, and 
artenal blood pressure were compared for filtered air- vs. 
sidestream smoke-e.xposed guinea pigs by using an unpaired 
J-teSt. The substance P dose-response curves in filtered air- 
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vs. sidestream smoke-exposed animals were compared with a 
repeated-measures analysis of variance with treatment group 
(.sidestream smoke or filtered air; as a between-subject effect 
and dose level as a within-subject effect. The substance P 
dose-response curves before and sdler blockade 

with CP-96345, the inactive enantiomer CP-96344, and nor¬ 
mal saline were compared with a repeated-measures analysis 
of variance with treatment (CP'96345, CP-96344, or normal 
saline) as one within-subject effect and dose level as another 
within-subject effect (SAS, SAS Institute). The effects of 
CP-96345 on baseline RAR activity and peak tracheal pres¬ 
sure were compared with a paired t-test. 

To describe the temporal relationship of the responses of 
the RARs and tracheal pressure, we evaluated the onset 
latency, the latency to the peak response, and the duration of 
the response to the highest dose of substance P. We chose the 
highest dose because of variable responses at the lower doses. 
The onsets for the increases in RAR activity and peak 
tracheal pressure were defined as the first observable in¬ 
creases after the commencement of the injection of substance 
P. The peak responses were defined as the largest increase 
after commencement of the substance P injection. The peak 
latencies were defined as the time to the peak response from 
the commencement of the injection. The duration was defined 
as the time from the onset of the responses to the time when 
the responses recovered to ~ lO'lr of baseline values. 

The data are reported as means r SE unless otherwise 
indicated. Significance is claimed whenP < 0.05. 

RESULTS 

RARs were recorded in 21 guinea pigs exposed to 
sidestream smoke and 17 guinea pigs exposed to fil¬ 
tered air. One RAR was recorded per animal, and all 
were localized to the upper or middle lobe near the 
hilum. The weights and arterial blood gases were not 
different between the two groups (Table 1). 

Responses of RARs to substance P in the filtered air- 
and sidestream smoke-exposed guinea pigs. Substance 
P produced dose-dependent increases in RAR activity; 
however, the increases were significantly greater in 
guinea pigs chronically exposed to sidestream smoke. 
An example of the effect of substance P on RAR activity 
in a guinea pig from the filtered air control group is 
shown in Fig. 1. The lowest dose of substance P (1.56 
nmol/kg) had very little effect on either RAR activity or 
peak tracheal pressure but lowered arterial blood pres¬ 
sure (Fig. L4); the second dose (2.78 nmol/kg) increased 
R.AR activity, slightly increased peak tracheal pres¬ 
sure, and decreased arterial blood pressure (Fig. LS); 
and the highest dose (4.94 nmol/kg) produced a larger 
excitatory effect on RAR activity and peak tracheal 
pressure and decreased arterial blood pressure (Fig, 
IC). Figure 2 shows an example of the effect of sub- 


Table 1. Weight and blood gases for animals in 
nltsrerd air- and sidestream smoke-exposed groups 



Filtered Air 

Sidestream Smoke 

Wsight, g 

467 = 13 

482 = 13 

POj, Ton- 

340 r 28 

390 r 26 

PcOj, Torr 

43rl 1 

40= 1,0 

pH 

7.38 = 0.01 

7 39 = 0.01 


Values are means w SE. All P > 0.05- 
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Fig. 1. DosA-dependent effects of substance P (SPl on rapidly adapt¬ 
ing receptor fRAR) activity in a filtered air-eitposed guinea pig. .A; SP 
dose of 1.56 mnol/k^ had no significant effect on RAR activity or 
trachea] pressure (Ptr) but decreased arterial blood pressure (ABP). 
S: SP dose of 2,78 amoJkg increased RAR activity, produced a 
delayed increase in Ptr, and decreased .ABP. C: SP dose of 4.94 
nmokkg produced an even greater increase in RAR activity and Ptr 
and decreased ABP. D: rapid adaptation to lung hyperinflation. TTL. 
transistor-transistor pulses from output of window discnminator: .AP, 
action potential. Horizontal bar, injection. 


Stance P on RAR activity in a sidestream smoke- 
exposed guinea pig. The lowest dose of substance P 
slightly increased RAR activity, produced a delayed 
increase in peak tracheal pressure, and decreased 
arterial blood pressure (Fig. 2A); the second dose 
produced a substantially larger increase in RAR activ¬ 
ity, a delayed increase in peak tracheal pressure, and a 
decrease in arterial blood pressure (Fig. 2B); and the 
highest dose produced a larger excitatory effect on RAR 
activity, markedly increased peak tracheal pressure, 
and lowered arterial blood pressure (Fig. 20. 

The grouped data for the RAR responses in the 
sidestream smoke-exposed and filtered air-exposed 
guinea pigs are shown in Fig, 3. The baseline RAR 
activity was not significantly different between the two 
groups (0.5 2 : 0.12 impulses/bin in the filtered air- 
exposed group and 1.8 z: 0.8 impulses/bin in the 
sidestream smoke-exposed group; F = 0.11). Substance 
P produced dose-dependent increases in BAR activity 
(P = 0.0001. dose). However, the RARs from the 
sidestream smoke-exposed animals- were significantly 
more responsive to substance P than were those ex¬ 
posed to filtered air (P = 0.029, treatment), showing a 


leftward shift in the dose-response curve. 
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Fig. 2. Dose-dependent eflTecCs of SP on RAR activity in a sidestream 
smoke-exposed guinea pig. A: SP dose of 1.56 nmol/kg slightly 
increased RAR activity and Ptr and decreased ABP- B: SPdose of 2.78 
nmol/kg produced a greater increase in RAH activity, a delayed 
increase in Ptr, and a decrease in ABP. C; SP dose of 4.94 nmol/kg 
produced largest increase in RAR activity and Ptr and a decrease in 
ABP. D: rapid adaptation to lung hyperinflation. Horizontal bar, 
injection. 


Neither the onset latency, latency to the peak re¬ 
sponse, nor duration of the RAR responses to the 
highest dose of substance P varied with the exposure 
treatment IP > 0.05, unpaired f-test); thus the data 
were pooled. Substance P-evoked increases in RAR 
activity exhibited an onset latency of 6 i 5 (SD) s, a 
peak latency of 14 ± 6 s, and a duration of 39 r 20 s. 

Effect of NKr receptor antagonism on RAR responses 
to substance P. The dose-response curves for the sub¬ 
stance P-evoked increases in RAR activity were highly 
reproducible at 30-min intervals [Fig. 4A; P = 0.58, 
dose by treatment; n = 12 (6 RARs from the filtered 
air-exposed group and 6 from the sidestream smoke- 
exposed group)]. Protocols using the NK^-receptor an¬ 
tagonist and the inactive enantiomer were performed 
with the same time intervals. NKi-receptor blockade 
with 400 nmol/kg of CP-96345 had no effect on baseline 
RAR activity (1.5 r 0.42 impulses/bin before vs. 1.5 ± 
0,42 impuises/bin after antagonist; P — 0.928), but it 
significantly attenuated the substance P-evoked in¬ 
creases in RAR activity (Fig. 4B; P = 0.0001, dose by 
treatment; n = 8 (2 RARs from the filtered air-exposed 
group and 6 from the sidestream smoke-exposed groupli. 
By contrast. 400 nmoi/kg of CP-96344, the inactive 
enantiomer of the NK, antagonist, had no effect on the 


substance P-evoked increases in RAR activity [Pig. 4C. 
P = 0.70, dose by treatment; n = 3 (2 RARs from the 
filtered air-exposed group and 1 from the sidestream 
smoke-exposed group)]. 

Responses of peak tracheal pressure and arterial 
blood pressure to substance P in the filtered air- and 
sidestream smoke-exposed guinea pigs. The baseline 
peak tracheal pressures were not significantly different 
in the two groups: 8.28 2; 0.44 cmH>0 in the sidestream 
smoke-exposed guinea pigs (n = 20) compared with 
9.12 t. 0.50 cmH20 in the filtered air-e.xposed group 
(ti = 17; P = 0.21). Substance P produced dose- 
dependent increases in peak tracheal pressure in both 
the filtered air- and sidestream smoke-exposed groups 
(Fig. 5A; P = 0.0001, dose). In contrast to the effects on 
the RARs, the increases in peak tracheal pressure were 
not different between the filtered air- and sidestream 
smoke-exposed groups (Fig. 5A; P - 0.88, treatment). 

Neither the onset latency, latency to the peak re¬ 
sponse, nor the duration of the response of tracheal 
pressure to the highest dose of substance P varied with 
the exposure treatment (P > 0.05. unpaired t-testi; 
thus the data were pooled. Substance P-evoked in¬ 
creases in tracheal pressure e.xhibited an onset latency 
of 10 r 5 (SD) s, a peak latency of 22 * 5 s. and a 
duration of 146 ± 86 s. 

The dose-response curves for the substance P-evoked 
increases in peak tracheal pressure were highly repro¬ 
ducible within 30-min time intervals [Fig. dB; pre- 
normal saline vs. post-normal saline; P ~ 0.49, dose by 
treatment; « = 11 (6 filtered air-exposed animals and 5 
sidestream smoke-exposed animals)). NK [-receptor 



SP Dose (nmol/kg) 

Fig. 3. Summary cf SP effects on RAH from filtered air-exposed 
control (n = 17) and sidestream smoke-exposed guinea pigs n = 211 
from 3 to 41-45 days of life. SP increased RAR activity in a 
dose-dependent manner in both filtered air-exposed control and^ 
sidestream smoke-exposed groups (P = 0.0001. dose, analysis or 
variance (ANOVAlJ. RAHs from sidestream smoke-exposed guinea 
pigs were more responsive to SP than were those from filtered 
air-exposed control guinea pigsi'P ■= 0.029. treatment, AN'OV.At. 
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Fig_ 4. Summary- of RAR i-esponses to 
nitravenous SP before and after injec¬ 
tion of normal sabne. neumktnin f 
(NKi 1-receptor antagonist CP-9634.5, 
and inactive enantiomer of antagonist 
CP-96344. A: SP-evoked increases in 
RAR activity were highly reproducible 
when repeated 30 min later after an 
intravenous injection of normal saline 
[P = 0.3S, dose by treatment, .ANOV.A: 
n = 12 16 RAfis from filtered air- 
exposed group and 6 from sidestream 
smoke-exposed groupll. B: SP-evoked 
increases in RAR activity were signifi¬ 
cantly blunted after NKi-receptOr block¬ 
ade with intravenous administration of 
400 nmol/kg of CP-96345 1*P = 0.0001. 
dose by treatment, ANOVA: n = 8 (2 
RARs from filtered air-e.Tposed group 
and 6 from sidestream smoke-exposed 
groupll. C: SP-evoked increases in ELAR 
activity were not different after intrave¬ 
nous administration of 400 nmol/kg of 
CP-96344 [P = 0.70, dose by treatment, 
ANOVA; n = 3 :2 RARs from filtered 
air-exposed group and 1 from side- 
stream smoke-exposed group i]. 


blockade did not significantly change resting peak 
tracheal pressure (8.82 r 1.2 cmHvO before and 8.68 — 
1.2 cniH20 after NKj-receptor blockade; P - 0.37) nor 
did it significantly attenuate the substance P-induced 
increases in peak tracheal pressure [Fig, 5C; dose by 
treatment; P = 0.064; n = 7 (2 filtered air-exposed 
animals and 5 sidestream smoke-exposed animals)]- 


The inactive enantiomer also had no effect [Fig. 5£); P = 
0.32, dose by treatment; n = 3 (2 filtered air-exposed 
animals and 1 sidestream smoke-e.xposed animal)]. The 
above analyses were based on averaging peak tracheal 
pressures over 90 s after each dose of substance P. The 
analyses of peak tracheal pressure over 30 s did not 
differ from the 90-s analyses. 



Fig. 5. Simunary of Ptr responses to 
SP. A: SP increased peak Ptr m a 
dose-dependent manner in both fil¬ 
tered air-exposed control (n = 17) and 
sidestream smoke-exposed guinea pigs 
(n = 20; P = 0.0001, dose, ANOVAl. 
The increases were not different in the 
2 groups (P = 0.88, treatment, 
■ANOVA). B; SP-evoked increases in 
peak Ptr were highly reproducible 
when repeated 30 min later after an 
intravenous imection of normal saline 
[P = 0.49, dose by treatment, ANOVA; 
a = 11 (6 filtered air-exposed animals 
and 5 sidestream smoke-exposed ani¬ 
mals)). C: SP-evoked increases in peak 
Ptr were not significantly attenuated 
after NKj-receptor blockade with ui- 
travenous administration of 400 
nmol/kg of CP-96345 [P = 0.064, dose 
by treatment, ANOVA; a = 7 (2 fil¬ 
tered air-exposed animals and 5 side- 
stream smoke-exposed animals)). D: 
SP-evoked Increases in peak Ptr were 
not different after intravenous admin¬ 
istration of 400 nmol/kg of CP-96344 
[P = 0.32. dose by treatment, ANOVA; 
n = 3 (2 filtered air-exposed animals 
and 1 sidestream smoke-exposed ani¬ 
mal)). 
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The baseline arterial blood pressure was not differ¬ 
ent in the two groups . 1 49 z 2 mmHg in the sidestream 
smoke-exposed guinea pigs compared with 50 z 2 
mmHg in the filtered air-exposed group; P = 0.58). 
Substance P produced dose-dependent decreases in 
arterial blood pressure that were statistically signifi¬ 
cant within each group but not different between the 
two groups iP = 0.0001, dose; P - 0.24, treatment). In 
the filtered air-exposed animals, the three doses of 
substance P decreased arterial blood pressure by 11 z 

1, 13 z 2, and 14 r 1 mmHg, respectively. In the 
sidestream smoke-exposed animals, the three doses of 
.substance P decreased arterial blood pressure by 13 z 

2, 15 Z 2, and 17 z 2 mmHg, respectively. The latency 
for the peak fall in blood pressure averaged S r 5 s u 'd 
ranged from 2-22 s after the injections. The substance 
P-evoked decreases in arterial blood pressure were 
reproducible over the 30-min time interv'al between the 
dose-response curves (P - 0.76. dose by treatment; n - 
12 ) and were significantly attenuated by NKi-i'eceptor 
blockade (P = 0.009. dose by treatment; n = 6 ). Before 
NKi-receptor blockade, the three doses of substance P 
decreased arterial blood pressure by 10 z 3, 14 z 3, 
and 17 z 3 mmHg, respectively. After N'Ki-receptor 
blockade, the substance P-evoked decreases were 3 z 2 , 
4 z 2. and 3 z 2 mmHg, respectively. The inactive 
enantiomer had no effect on the substance P-evoked 
decreases in blood pressure (P = 0.34, dose by treat¬ 
ment; n = 3). 

DISCUSSION 

This study demonstrated that chronic exposure to 
sidestream smoke )the surrogate for environmental 
tobacco smoke) in young guinea pigs augmented the 
responsiveness of RARs to substance P. The substance 
P-evoked increases in RAR activity, which occurred in. 
both the sidestream smoke-e.xposed and filtered air 
control groups, were mediated by NKi receptors. 

This is the first electrophysiological study to demon¬ 
strate that substance P stimulates the RARs in guinea 
pigs, as shown previously in other species (2.17). and to 
implicate NK; receptors by the use of a high-affinity 
selectiv'e nonpeptide NK|-receptor antagonist. Sub¬ 
stance P, contained in afferent C-fiber endings within 
the airway epithelium and smooch muscle lay’er, is 
released by activation of Che afferent C fibers. The 
stimulation of the RARs by substance P represents a 
potential link between the two airway defense systems, 
both of which elicit bronchoconstriction, mucus secre¬ 
tion, and cough. Such a link, whereby C-fiber-receptor 
stimulation with the consequential release of sub¬ 
stance P and subsequent stimulation of the RARs, has 
been proposed previously to explain the overlap of 
stimuli and reflex effects of both afferent svstems i 2 . 
30). 

The fundamental mechanism by which substance P 
stimulates RARs is not completely understood, but 
prominent substance P-induced effects such as micro- 
vascular leak (which alone may increase RAR activity 
or. if sufficient, may contribute to decreased lung 
compliance that also stimulates the RARsi and in¬ 


creased airway tone are likely candidates because all 
can stimulate the RARs (2. 18. 29), The present data 
appear most consistent with a salient role for micfovas- 
cular leak. First, the doses of substance P used in this 
study were similar to those which have been shosvn to 
increase airway microvascular leak in the guinea pig 
(25). Second. CP-96345, in concentrations similar to 
those that blocked substance P-evoked increases in 
RAR activity in the present study, has also been shown 
in the guinea pig to block microvascular leak in the 
trachea and bronchi produced by either vagus ner\e 
stimulation, intravenous capsaicin, or substance P and 
to spare the bronchoconstriction produced by vagus 
stimulation or capsaicin 1 14). Finally, Bonham et al. 1 2 1 
have previously provided evidence in the rabbit that 
substance P increases RAR activity by increasing micro¬ 
vascular permeability. The cellular mechanismisi by 
which microvascular leak stimulates the RARs is un¬ 
known. but It is tempting to speculate that mechanical 
distortion of the receptors caused by the fluid flux opens 
stretch-activated ion channels on the sensor^.- nerve 
endings, as has been suggested for the carotid barore- 
ceptors 18 ). 

It seems less likely that substance P-evoked in¬ 
creases in airway tone contributed importantly to the 
increases in RAR activity. First, the .N'K,-receptor an¬ 
tagonist CP-96345 nearly abolished the R.AR responses 
to substance P despite only tending to reduce the 
tracheal pressure responses. Second, the temporal na¬ 
ture of the responses of the RARs and tracheal pressure 
differed; substance P-induced increases in RAR activity 
tended to commence, peak, and recover earlier than the 
substance P-induced increases in peak tracheal pres¬ 
sure. Third, chronic sidestream smoke exposure aug¬ 
mented substance P-induced increases in RAR activity 
while having no such effect on the substance P-evoked 
increases in tracheal responses. Although microvascu¬ 
lar leak is the most likely candidate for mediating the 
stimulation of RARs by substance P. it is important to 
acknowledge that other substance P-induced effects, 
i.e., mucus secretion or activation of inflammatory' 
cells, could also have contributed to the increases in 
RAR activity. It should also be noted that, because the 
vagus nert'e contralateral to the recording site w,a 5 
intact, substance P-evoked changes in RAR activity 
and trachea! pressure may have been slighclv larger 
due to Centrally mediated reflex effects than it the 
animals were bilaterally vagotomized. 

The substance P-induced increases in RAR activity 
and decreases in arterial blood pressure appeared to be 
largely due to activation of NKi receptors, whereas the 
increases in peak tracheal pressure may have involved 
both NKi and N'K. receptors (7) because NK, antago¬ 
nism was only partially effective. A recent report 1 L9’ 
has suggested that CP-96345 interacts ivith L-type 
calcium channels by mechanisms unrelated to tachyki¬ 
nin antagonism. However, because CP-96344, the inac¬ 
tive enantiomer nearly void of N'K|-receptor antagonist 
properties, had no effect on substance P-evoked re¬ 
sponses. it seems likely that the CP-96343 effects were 
due to N’K,-receptor antagonism. 
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Boaham et al. < 1 > have previously shown that chronic 
exposure of young guinea pigs to sidestream smoke 
during their development decrea.sed RAB, responsive¬ 
ness to acutely inhaled mainstream tobacco smoke. The 
finding could be explained by a general diminished 
responsiveness of RARs to all stimuli or by a specific 
diminished responsiveness to a constituent of cigarette 
smoke such as nicotine. The purpose of this study was 
to determine whether chronic exposure to sidestream 
smoke dimmished RAR responsiveness to a stimulus 
other than mainstream tobacco smoke. Unexpectedly, 
RARs were more rather than less responsive to sub¬ 
stance P after chronic exposure to sidestream smoke. 
There are no other previous studies that have directly 
examined the eSects of chronic exposure to sidestream 
smoke on RAR responsiveness to substance P. However, 
two studies that utilized similar exposure periods to 
mainstream smoke relate to our findings. Swanny et al. 

• 24) demonstrated that adult rats exposed to main¬ 
stream tobacco smoke for 4-8 wk exhibited decreased 
reflex apnea and tachypnea to acute inhalation of 
mainstream tobacco smoke, most likely due to a de¬ 
creased responsiveness of C-fiber receptors and R-ARs. 
Collectively, these data and our previous data suggest 
that exposure to either mainstream or sidestream 
tobacco smoke renders the RARs less sensitive to acute 
inhalation of mainstream smoke. Karlsson et al. (11) 
found that adult guinea pigs exposed to mainstream 
tobacco smoke for 1 h twice daily for 2 wk had an 
increased cough in response to nebulized citric acid and 
capsaicin but not to acute inhalation of mainstream 
tobacco smoke. Because both C-fiber and RAR afferent 
pathways are involved in producing cough (26, 30), the 
behavioral findings of Karlsson et al. (11) of augmented 
coughing in response to endogenously released sub¬ 
stance P and the present electrophysiological findings 
of augmented increases in RAR activity in response to 
e.xogenously delivered substance P collectively suggest 
that chronic exposure to either sidestream or main¬ 
stream smoke may result in an increased responsive¬ 
ness of RARs to substance P. 

The question is. What is the mechanismts) whereby 
chronic exposure of young guinea pigs to sidestream 
smoke augments the responsiveness of RARs to sub¬ 
stance P? Possibilities include increases in NK^- 
receptor number and/or affinity; decreases in metaboliz¬ 
ing enzymes of substance P, such as angiotensin¬ 
converting enzvTne (22) or neutral endopeptidase (NEP) 
(5); changes in lung status that may make the RARs in 
general more responsive, e.g., enhsmced microvascular 
permeability or decreased lung compliance; increased 
airway tone; and/or perhaps changes in the sensory 
nerve endings themselves, 

Joad et al. (9) have previously examined NKi- 
receptor number and affinity in the isolated lungs of 
guinea pigs that were subjected to the same sidestream 
smoke e.xposure protocol as used in the present study. 
They found no differences in either NKi-receptor num¬ 
ber or aflfinity in the sidestream smoke-exposed group 
compared with the filtered air control group. However, 
because they examined whole lung tissue, it is conceiv¬ 


able that small regional changes m the number and’or 
affinity in a subset of NKi receptors were not detected. 
Regardmg substance P-metabolizingenz_vmes. Kuo and 
Lu (12) found that extended exposure to mainstream 
smoke 1100 puffs/day for 7 days) decreased NEP but did 
not alter the airway responsiveness to neurokinin A. a 
tachykinin also metabolized by NEP. Dusser et al. (.5) 
found that a brief exposure to mainstream smoke 
(smoke from either one or two cigarettes delivered 13 
min apart) both inactivated NEP and enhanced airway 
responsiveness to substance P. However, the effect of 
chronic exposure to sidestream smoke on NEP activity 
has not been studied, and there are considerable differ¬ 
ences in the relative concentrations of the chemical 
constituents in mainstream and sidestream tobacco 
smoke (27). Furthermore, it seems reasonable to expect 
that if sidestream smoke exposure globally decreased 
NEP Pictivity in the lung, then all substance P-evoked 
changes in the lung, including airway tone, would be 
affected. Such was not the case in either this or a 
previous study by Joad et al.' 10). 

With regard to the possibility that sidestream smoke 
exposure may have decreased lung compliance or in¬ 
creased airway tone, thereby making the RARs more 
responsive, Joad et al. (10) previously studied the lung 
mechanics of isolated lungs from young guinea pigs 
exposed to the same smoke-exposure protocol used 
here. Sidestream smoke exposure did not change lung 
resistance and increased (by 17%) rather than de¬ 
creased lung compliance. Moreover, the lungs from the 
sidestream smoke-exposed animals exhibited the same 
decreases in compliance and the same increases in 
pulmonary resistance in response to pulmonary arte¬ 
rial injections of substance P as did the lungs from the 
filtered air-exposed animals. Finally, there were no 
morphological indications that the lungs from the 
sidestream smoke-exposed animals would be less com¬ 
pliant: the lungs from both groups had the same fixed 
lung volume, total surface area, specific surface area, 
and mean linear intercept length, with no obvious 
differences in the relative amounts or distribution of 
collagen and elastin. Thus it seems unlikely that 
general differences in compliance or airway caliber 
explained the differences in responsiveness of RARs to 
substance P. 

To summarize, the existing data seem to argue 
against global changes in the lung as important mecha¬ 
nisms in explaining how chronic exposure to side- 
stream smoke in the young guinea pig augments RAR 
responsiveness to substance P. Perhaps regional changes 
in the lung microenvironment are more relevant, e.g., 
small regional changes in the number, affinity, and/or 
receptor-effector coupling of NKi receptors; regional 
changes in the metabolizing enzymes of substance P; a 
greater susceptibility of certain microvasculature to 
substance P-evoked increases in permeability; or per¬ 
haps plastic changes in the sensory nerve endings 
themselves. 

Whether similar exposure to sidestream smoke in 
the adult guinea pig renders the RARs more responsive 
to substance P is unknown. These studies were per- 
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formed in young guinea pigs because of societal rel¬ 
evance to the increased prevalence of airway hyperre¬ 
sponsiveness in children chronically exposed to 
environmental tobacco smoke. Like the human, the 
guinea pig shows advanced development of lung func¬ 
tion and morphology at birth (23). Tlie age of puberty in 
^inea pigs is 35-70 days, and the maximum life span 
Is ~7.5 yr(31). Starting with the eighth day of life, the 
guinea pigs were exposed to sidestream tobacco smoke 
for 33-37 days and were tested when they were 41-45 
days of age. Thus these guinea pigs were exposed 
during the equivalent period of human childhood and 
were tested during the equivalent period of human 
adolescence. The findings that chronic exposure to 
sidestream smoke in young guinea pigs results in 
exaggerated responsiveness of their RAEs to substance 
P may have implications in identifying the physiologi¬ 
cal causes of the increased respiratory problems in 
children raised in the homes of smokers. 
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